We report the characterization of Bi 2 Te 2 Se crystals obtained by the modified Bridgman and Bridgman-Stockbarger crystal growth techniques. X-ray diffraction study confirms an ordered SeTe distribution in the inner and outer chalcogen layers, respectively, with a small amount of mixing.
I. INTRODUCTION
The narrow-band-gap semiconductors (Bi,Sb) 2 (Te,Se) 3 have been studied for over fifty years due to their use as thermoelectric materials [1] . Recently, these compounds have again come to the forefront in research in condensed matter physics, as the prototypical three-dimensional topological insulators (TIs), displaying gapped electronic bulk states and gap-less electronic surface states [2] [3] [4] [5] [6] . The exotic, spin-locked Dirac metallic surface states of Bi 2 Se 3 and Bi 2 Te 3 have been revealed by angle-resolved photoemission spectroscopy (ARPES) studies [7] [8] [9] , as well as scanning tunneling microscopy (STM) experiments [10] .
Investigating the charge transport characteristics of the surface states has, however, proven to be challenging, because the surface current is usually one or two orders of magnitude less than the bulk current [11, 12] . In binary or ternary narrow band gap semiconductors (E G < 300 meV) [8] , the small defect formation energies and the resultant significant defect densities often result in relatively large carrier densities ∼ 10 18−19 /cm 3 , leading the bulk conductance to dominate over the surface conductance in transport probe measurements.
While previous materials research has primarily focused on heavily doped, low resistivity (Bi,Sb) 2 (Te,Se) 3 for optimizing the thermoelectric figure of merit, the goal of the current research is to achieve highly resistive low bulk carrier concentration crystals that will facilitate the observation of the topological surface state transport.
The original studies of surface transport in TIs in the Bi 2 X 3 family were focused on the binary Bi 2 Se 3 and Bi 2 Te 3 phases [11] [12] [13] . Near-stoichiometric Bi 2 Se 3 crystals are always heavily-doped n-type materials due to the presence of charged electron-donating selenium vacancies [1] , though a small amount of Ca substitution for Bi yielded p-type materials [13, 14] .The defect equilibrium can be written as: 
Near-stoichiometric Bi 2 Te 3 crystals, on the other hand, are p-type due to the presence of anti-site defects, i.e. Bi on the Te sites [1, 11] , with the defect equilibrium:
Bi for testing the effects of nonstoichiometry on the electrical properties were also prepared in this fashion. The samples for XRD were pulverized in liquid nitrogen and characterized by laboratory XRD using graphite monochromated Cu Kα radiation (D8 Focus, Bruker) at room temperature. Rietveld refinements were carried out using the FULLPROF program suite [19] .
The classic Bridgman-Stockbarger method was employed as the second crystal growth method. This method allows for fine-tuning of the chemical composition of the crystal near the stoichiometric Bi 2 Te 2 Se composition due to natural variations in stoichiometry along the directionally solidified crystal boule. Thirty grams of mixture was sealed in a long internally carbon-coated quartz ampoule (20 cm long and 0.8 cm diameter). This ampoule was tapered at the bottom in order to favor seed selection, and then placed in a vertical furnace. The temperature profile of the furnace was set to ensure that the zone hotter than the melting temperature of the BTS was longer than the length of the liquid. The temperature gradient Inspection of the XRD patterns of BTS samples grown by different methods reveals different peak shapes (Inset of Fig. 1 ). The diffraction peaks of the BTS samples grown by the modified Bridgman method are broad and asymmetric with a low angle shoulder.
We attribute the asymmetric broadening to a range of compositions Bi 2 Te 2±δ Se 1∓δ in the crystals. The XRD pattern of the quenched BTS shows significant double-peak character, indicating moderate phase separation, as is expected from fast-cooling a solid solution phase.
In comparison, the XRD pattern of BTS grown by the Bridgman-Stockbarger method has a much sharper and more symmetric peak shape, indicating that it has a more uniform composition. This pattern was refined by using FULLPROF program based on a model with a 2:1 ratio of Te to Se, as free refinement of the composition did not show significant deviation from that formula. As shown in Table I , the sample has near-perfect order of the Se and Te layers, with around 4% disorder on the outer layers that support the topological surface states. We attribute the imperfect fit to some of the peaks to structural defects introduced during the grinding of the very soft BTS material. In contrast, Bi and measuring its general electronic transport properties to allow for its optimization for study of the transport due to the topological surface states. As will be shown below, the relative homogeneity of BTS crystals grown via different methods has an impact on their observed electron transport properties.
As a starting point for the research, the temperature dependent resistance (shown as ρ/ρ 300K ) and Hall coefficient (R H ) were measured for stoichiometric Bi 2 Te 2 Se prepared by the modified Bridgman method. As shown in Fig. 2 , our modified Bridgman growth Bi 2 Te 2 Se sample shows metallic behavior with a small negative R H , leading to a large temperatureindependent n-type carrier concentration n = 2.6 × 10 19 /cm 3 at 10 K. Such a large carrier concentration and its trivial temperature-independent behavior indicate that the material is heavily doped by donors, resulting in a Fermi level (E F ) in the conduction band, far above the energy gap. This E F position is similar to that seen in metallic Bi 2 Se 3 in the ARPES measurements [8, 14] . which showed a p − n transition at x = 0.4 [16] . Recently a high resistance sample of Bi 2 Te 1.95 Se 2.05 was reported [20] ; for our crystal growth methods all such compounds are metallic; this may be due the fact that majority carrier concentrations in this regime are strongly affected by very small amounts of non-stoichiometry, as discussed further below.
Tuning the selenium concentration in the selenium excess or deficient Bi 2 Te 2 Se y series 9 near y = 1 can induce significant changes in the carrier concentration in BTS. Figure 3 shows the ρ(T ) and R H data for Bi 2 Te 2 Se y samples, where y changes from 0.95 to 1.02. Fig. 5 (a) ). Given that the typical thick- ness of the samples is about 0.02-0.08 mm, this number is still one order of magnitude larger than the estimated surface electron contribution (∼ 10 12 /cm 2 ), but the surface conductivity is similar in magnitude to the bulk conductivity due to the high surface mobility [17, 18] .
The observed positive to negative transition of R H with temperature is similar to the previous reported experiments [17, 18] , which clearly reveals the coexistence of two types of carriers in these BTS crystals. The samples turn back to being metallic at the top part of the boule (parts A and B), in which the carrier concentration becomes large and negative The semiconducting samples (C, D and E) show µ less than 100 cm 2 /Vs at 10 K, which is similar to previously reported bulk mobility values for BTS [17, 24] . At 300 K, the mobility of the hole pocket is much less (< 10 cm 2 /Vs). Such small mobility may be due to the large effective hole mass. The correlation between the mobility and carrier concentration for the semiconducting samples requires further investigation. 
This n-type carrier compensation mechanism is highly sensitive to the stating material ratio and the sample processing, leading to the high electronic inhomogeneity in the crystals grown by the modified Bridgman method. Further study will be required to determine whether our proposed defect model for BTS is correct.
With its large temperature gradient at the freezing point, the classical BridgmanStockbarger method can introduce a continuous chemical composition distribution, and in the case of BTS can therefore allow for the achievement of highly resistive samples by selecting the appropriate position along the boule. The semiconducting samples all manifest a majority carrier type changing from p-type to n-type on cooling from 300 K to 10 K. A previous study suggested that the acceptors are from an impurity band with a gap ∼ 30 meV from the chemical potential [17] , while our recent studies on BTS crystals under pressure reveal a satellite hole pocket ∼ 50 meV lower than the chemical potential [24] . Sample D
shows an R H maximum at 200 K, higher in temperature than the current samples C and E and the samples reported in ref. [17, 24] , which indicates that its chemical potential may be closer to the bottom of the conduction band, leading to a larger gap with the hole pocket.
It is worth noting that the samples with higher temperatures for the R H maximum (such as sample D) show a larger n-type carrier concentration at 10 K. We believe that the n-type carriers observed at low temperature in our measurements have a minor contribution from the surface metallic state and are mainly from a donor impurity band. This impurity band is likely extended from states due to charged Se vacancies that are hybridized with the conduction band. The chemical potential being closer to the conduction band in the band gap yields more donors at base temperature.
Our studies indicate that the BTS samples with small amounts of p-type doping made by the modified Bridgman or Bridgman-Stockbarger techniques are more likely to be semiconducting than the stoichiometric samples. Given that the electrons at the bottom of the conduction band are lighter than the holes at the top of the valence band, the donors more easily form an impurity band near the electron pocket than the acceptors do near the hole pocket. In other words, at equivalent n-and p-type defect concentrations, the Fermi level will be pinned near the isolated p-type energy levels in the band gap, yielding semiconducting samples, whereas the extended n-type impurity band leads Bi 2 Te 2 Se to be metallic for equivalent n-type carrier concentrations. This assumption is consistent with our previous studies on Ca-doped Bi 2 Se 3 [13, 14] . Although the bulk mobility of the semiconducting BTS samples is usually small ∼ 100 cm 2 /Vs, the surface states manifest much higher mobility, leading to the observations of quantum oscillations previously reported. Further optimization of the crystal growth and doping of BTS is expected to yield excellent crystals for the study of topological surface state transport and the fabrication of surface-state-based electronic devices.
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